sulfate-polyacrylamide gel electrophoresis of crude P-lactamase preparations followed by renaturation treatment for proteins separated in the gel and localization of protein bands showing carbapenem-hydrolyzing I-lactamase activity by a modified iodometric technique. The deduced amino acid sequence of the CphA enzyme showed regions of partial homology with both the I-lactamase II of Bacillus cereus and the CfiA I-lactamase of Bacteroides fragilis. Sequence homologies were more pronounced in the regions encompassing the amino acid residues known in the enzyme of B. cereus to function as ligand-binding residues for the metal cofactor. The CphA enzyme, however, appeared to share a lower degree of similarity with the two other enzymes, which, in turn, seemed more closely related to each other. These results, therefore, suggest the existence of at least two molecular subclasses within molecular class B metallo-,I-lactamases.
In recent classification schemes for ,B-lactamases, a distinct grouping has been reserved for those enzymes requiring a metal cofactor for activity (metallo-1-lactamases) (1, 4, 5) . The prototype for this group of enzymes is the 1-lactamase II of Bacillus cereus, which has long been studied as a model of metallo-13-lactamases and for which molecular sequence data, along with enzymologic and crystallographic data, are available (3, 12, 17, 27) . In the molecular classification of 1-lactamases, a class B was devised for this enzyme (1) .
Interest in this group of enzymes has grown recently since an increasing number of metallo-1-lactamases have been described in several gram-negative species which share the important characteristic of being able to hydrolyze carbapenem compounds (2, 7, 9, 22, 25, 26, 31) . Carbapenems are new P-lactam antibiotics of great therapeutic potential, since they are not hydrolyzed by most bacterial 3-lactamases and show a broad spectrum of activity.
Information currently available on carbapenem-hydrolyzing (CH) metallo-1-lactamases is limited, in most cases, to a few biochemical features and suggests the existence of different molecular species within this group of enzymes (5) . Molecular sequence data are presently available only for the CfiA P-lactamase of Bacteroides fragilis TAL2480 (28) and for the ,B-lactamase II of B. cereus 569/H (12) and 5/B/6 (17) . A strong sequence similarity exists between these two enzymes (28) , suggesting that the CfiA enzyme also belongs to molecular class B. More information on molecular sequence data of other CH metallo-3-lactamases is needed for a better understanding of this group of enzymes, including their biochemical properties and evolutionary relationships.
Production of CH metallo-,B-lactamases has been reported among members of the genus Aeromonas (2, 26) . In this report, we describe the molecular cloning in Escherichia coli and the characterization of an Aeromonas hydrophila gene coding for an inducible CH metallo-1-lactamase, named CphA, which resembles the A2 r-lactamase recently purified (13) .
The deduced amino acid sequence of the CphA enzyme showed regions of partial homology with both the ,3-lactamase II I-Lactamase assays. ,-Lactamase activity was assayed in crude cell extracts prepared as described by Shannon et al. (26) . Cells for extract preparation were grown in brain heart infusion broth. In induction experiments, penicillin G (100 ,ug/ml) was used as an inducer. ,B-Lactamase activity against IMP and MRP in the crude extracts was assayed by a spectrophotometric method as previously described (22 (21) . DNA restriction fragments were purified from agarose gels by Geneclean (BIO 101 Inc., La Jolla, Calif.). Competent E. coli cells for library construction and subcloning procedures were prepared according to Hanahan (10) , using the protocol that includes RbCl2 among cations (12) . The genomic library of AE036 was constructed in the E. coli plasmid vector Bluescript SK. For library construction, Aeromonas genomic DNA was partially digested with Sau3A restriction endonuclease, and restriction fragments 3 to 8 kb in length were purified by preparatory agarose gel electrophoresis; these fragments were then ligated to BamHI-linearized and dephosphorylated plasmid Bluescript SK, and the ligation mixture transformed in E. coli DH5ot competent cells. Transformants were selected on LB agar plates containing CB at 100 ,ug/ml (LB-CB); the estimated number of recombinant clones present in the library was >95%, as evaluated by plating the library on LB-CB agar plates containing isopropyl-P-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-Gal). For Southern blot analysis, DNA digests were resolved on 0.8% agarose gels and transferred to nylon membranes (Hybond-N, Amersham plc, Little Chalfont, England) by capillary blotting according to the supplier's instructions. Filters were hybridized with 32P-labeled probes as specified by the supplier. Probes were labeled with [a-32P]dCTP by the random priming method (8) . Restriction endonucleases were from Boehringer GmbH (Mannheim, Germany) or New England BioLabs (Beverly, Mass.). T4 DNA ligase, alkaline phosphatase, and reagents for random priming labeling reactions were from Boehringer.
[ct-32P]dCTP (10 mCi/ml; specific activity, 800 Ci/mmol) was purchased from Amersham.
DNA sequencing. All sequences were determined on denatured double-stranded DNA templates by the dideoxy-chain termination method (24), using a Sequenase 2.0 DNA sequencing kit (U.S. Biochemical Corp., Cleveland, Ohio) and [aL-355]dATP (10 mCi/ml; specific activity, 1,000 Ci/mmol; Amersham). In some cases, dITP was used in place of dGTP for a more reliable reading through regions of high G+C content. Sequencing primers were from Stratagene (T3, T7, SK, and KS sequencing primers) or Promega Biotec (M13 forward and M13 reverse sequencing primers) or were synthesized on a DNA-SM DNA synthesizer (Beckman Instruments Co., Palo Alto, Calif.).
Sequence analysis and comparisons. Computer analysis of nucleotide sequences for possible coding regions was performed by using the Microgenie sequence analysis software (Beckman) running on an IBM PC AT. Sequences were aligned with the CLUSTAL program for multiple sequence alignment (11) running on a VAX 750 machine (Digital Equipment Corp.). The minimum value for conservative amino acid substitutions according to the log-odds matrix of Dayhoff was fixed at 8 unless otherwise specified.
Nucleotide sequence accession number. The cphA sequence has been submitted to the EMBL/GenBank data library and assigned accession number X57102.
RESULTS
Characteristics of the CH f3-lactamase activity of A. hydrophila AE036. A. hydrophila AE036 was selected as the potential source of an Aeromonas CH metallo-,-lactamase gene since its crude P-lactamase preparation showed high hydrolyzing activity against IMP and MRP in a spectrophotometric assay, and this activity was inhibited by EDTA (Table 1) and restored by the addition of Zn2+ ions (data not shown). CH P-lactamase activity of AE036 was inducible (Table 1) . As previously reported for other A. hydrophila strains producing CH P-lactamase activity (26), the enzyme was not able to confer an IMP-resistant phenotype on the strain, the MIC for AE036 being relatively low (2 ,ug/ml). ever, this strategy failed to reveal any clone able to grow in the IMP-containing medium. Reasoning that the inoculum size could be critical for growth on IMP-containing medium, we then performed the screening by first plating the library on LB-CB agar plates at a colony density of -200 colonies per plate and then, when the colonies had reached at least 2 mm in diameter, replica plating them on LB agar plates containing IMP at 5 ,ug/ml (LB-IMP). Using this approach, a single clone able to grow on LB-IMP medium was found among 3.5 x 103 recombinant clones examined. This clone was found to harbor a recombinant plasmid (pAS50) containing a 5-kb DNA insert, a restriction map of which is shown in Fig. 2 . The crude 1-lactamase preparation from this clone appeared to possess a strong hydrolyzing activity against IMP and MRP (Table 1) , and this activity was affected by the presence of EDTA and ZnSO4 in the same manner as that of AE036 (Table 1 To confirm that the DNA insert of plasmid pAS50 was derived from the chromosome of AE036, chromosomal DNA of AE036 was digested with several restriction endonucleases, including EcoRI, BamHI, XhoI, HindIII, ApaI, PstI, XbaI, Sacl, and Sall, and restriction fragments were analyzed by Southern blot using the pAS50 insert as a hybridization probe. In every case, the hybridization profiles obtained were consistent with the assumption that the DNA insert of pAS50 was a single chromosomal fragment of A. hydrophila AE036 (data not shown).
Localization of the cphA gene in the cloned DNA fragment. To determine the approximate location of the cphA gene in the cloned DNA fragment, several subclones were generated (Fig. 2) ; for each subclone, the ability to grow on LB-IMP medium (after replica plating) was assayed, and the presence of CH ,-lactamase activity in crude P-lactamase preparations was determined spectrophotometrically (Table 2 ). When present, the CH activity was also analyzed, in some instances, by SDS-PAGE analysis followed by gel renaturation treatment ( Fig. 1 and Table 2 ). The results of this analysis indicated that the cphA gene was apparently located within the 2-kb EcoRI-Sau3AI Aeromonas DNA insert of plasmid pAS20R, probably encompassing the Sall site and at least one of the NcoI sites.
Nucleotide sequence of the cphA gene and deduced amino acid sequence of CphA ,I-lactamase. The nucleotide sequence of the 2-kb Aeromonas DNA insert of plasmid pAS20R was determined, and a computer analysis was performed to seek possible coding regions. A single open reading frame (ORF) was identified whose size was compatible with the results of SDS-PAGE analysis and whose location was compatible with the results of functional analysis of different subclones (Fig. 2) . The nucleotide sequence of the putative cphA ORF along with its flanking regions is shown in Fig. 3 Inducibility of the cphA gene in E. coli. The possible clustering, near the cphA gene, of Aeromonas genetic elements involved in the regulation of cphA gene expression that might also be functional in E. coli when carried along with the gene in the same multicopy plasmid vector was studied by using two E. coli strains harboring recombinant plasmids pAA40H and pAA20R, respectively (Fig. 2) , which do not contain an ampicillin-resistant marker for selection. These plasmids contain an Aeromonas DNA insert that encompasses the cphA gene flanked by a 1-kb 3'-flanking region and a 0.15-or 2.0-kb 5'-flanking region, respectively. For both strains, the CH activities of the crude ,-lactamase extracts, assayed spectrophotometrically, were found to be similar under induced or uninduced conditions (data not shown), and the original regulation of cphA gene expression was not present.
Comparison of the CphA enzyme with other CH ,-lactamases. The deduced amino acid sequence of the CphA enzyme was compared with those of the ,B-lactamase II of B. cereus 569/H (12) and of the CfiA 3-lactamase of B. fragilis TAL2480 (28) . The CphA enzyme showed a significant degree of sequence homology with the two other enzymes, particularly in some regions (Fig. 4) . The overall amino acid identity was 24.7% when compared with the B. cereus enzyme (Fig. 4a) and 25% when compared with the B. fragilis enzyme (Fig. 4b) , while the degree of similarity increased to 61.6 and 66.2%, respectively, after allowing for conservative substitutions.
The results of multiple sequence alignment analysis (Fig. 5) showed that at least five regions of homology can be identified in the three different proteins. Three of these regions encompass the residues that function as ligandbinding residues in ,-lactamase II, while two shorter regions are located closer to the N and C terminus, respectively, of the protein.
The results of the alignment analysis also indicated that the CphA enzyme shares a lower degree of similarity with the other two enzymes, which, in turn, appear to be more closely related to each other (Fig. 5) . It should be noted that comparison of the amino acid sequences of ,-lactamase II and CfiA P-lactamase, performed according to the same criterion, gave an overall amino acid identity of 30.3% and a degree of similarity of 71.9%. particular, of the four residues that are known to bind the metal cofactor in ,-lactamase II (27) , and which are conserved and can be perfectly aligned in CfiA P-lactamase, only three (the two histidine residues at positions 118 and 240 and the cysteine residue at position 198) can be aligned with homologous residues in the CphA enzyme in a corresponding region of homology, while the histidine residue at position 116, which has been shown by X-ray crystallography to give only a minor contribution to the binding of the metal cofactor in 1-lactamase 11 (27) , is substituted by an asparagine residue (a conservative substitution) in the CphA enzyme. Moreover, close to the glutamic acid residue at position 87 of P-lactamase II, which has been identified as essential for enzyme function (18), a region of extensive homology can be identified in the CfiA but not the CphA protein (28; Fig. 4a ). In addition, while the amino acid sequence of P-lactamase II can be aligned without gaps with that of the CfiA P-lactamase over the entire region encompassing the four ligand-binding residues, this is not the case when these two sequences are aligned with that of the CphA enzyme (Fig. 5) . These results, therefore, suggest that there are at least two distinct molecular subclasses within class B metallo-,-lactamases.
Interestingly, production of the CphA enzyme is not able to confer a carbapenem-resistant phenotype on the original Aeromonas strain unless a very large bacterial inoculum is used, and the same is true for the E. coli strains in which the cloned gene is constitutively expressed. The failure to isolate any CphA-producing recombinant clone when the Aeromonas genomic library was directly plated on IMP-containing mediudi is apparently related to this fact. Only when screening of the library was performed by replica plating of large colonies, previously grown on CB-containing medium, was it successful in isolating a recombinant clone that produced the enzyme. This screening criterion might therefore prove useful for cloning genes coding for similar enzymes. SDS-PAGE followed by gel renaturation treatment that allows the detection of enzymatic activity directly in the gel is a technique that has been used by other authors to detect cell wall hydrolases of bacteria (16, 20) , but it has not previously been used for P-lactamases. This technique could reliably be used to detect the activity of the CphA 3-lactamase, and it was found to be very useful both for estimating the molecular mass of the polypeptide constituting the original enzyme and for comparing it with the recombinant one expressed in E. coli. The molecular mass of the polypeptide constituting the CphA enzyme, estimated by this technique, was apparently in agreement with the calculated mass and simnilar to that reported by laconis and Sanders for the A2 P-lactamase of A. hydrophila AER19 (13) . This technique may prove useful for rapid characterization of 1-lactamase activity in crude preparations in addition to the classical IEF analysis.
The use of a modified iodometric technique using a carbapenem substrate to detect CphA P-lactamase activity following both IEF and renaturing SDS-PAGE was adopted since the CphA enzyme showed very low activity against the chromogenic cephalosporn nitrocefin, which did not permit the reliable detection of the enzymatic activity in gels. This detection technique, which was specific only for the CH activities, could enable the rapid and specific evaluation of similar activities in crude 1-lactamase preparations by these methods.
